Over the last decade there has been a growing interest in the research of feasibility to use high altitude long endurance (HALE) aircrafts in order to provide mobile communications. The use of HALEs for telecommunication networks has the potential to deliver a wide range of communication services (from high-quality voice to high-definition videos, as well as high-data-rate wireless channels) cost effectively. One of the main challenges of this technology is to design its power supply system, which must provide the enough energy for long time flights in a reliable way. In this paper a photovoltaic/hydrogen system is proposed as power system for a HALE aircraft due its high power density characteristic. In order to obtain the optimal sizing for photovoltaic/hydrogen system a particle swarm optimizer (PSO) is used. As a case study, theoretical design of the photovoltaic/hydrogen power system for three different HALE aircrafts located at 18 ∘ latitude is presented. At this latitude, the range of solar radiation intensity was from 310 to 450 Wh/sq⋅m/day. The results obtained show that the photovoltaic/hydrogen systems calculated by PSO can operate during one year with efficacies ranging between 45.82% and 47.81%. The obtained sizing result ensures that the photovoltaic/hydrogen system supplies adequate energy for HALE aircrafts.
Introduction
Communication and energy technologies play an important role in the economic and social development of any nation. Furthermore, due to the increase in world population, bandwidth and energy consumption is growing. As an alternative to increasing the effectiveness of future communications, it has been proposed the use of high altitude long endurance (HALE) aircrafts, as liberators of bandwidth and enhancers of wireless communication [1] [2] [3] [4] .
Compared with satellite technology, HALE aircrafts, also known as high altitude platforms (HAPs) and high altitude aircraft and airships (HASS) have a cost of launching and operating smaller, higher capacity data transmission and increased spectral efficiency. Besides, they are considered as substitutes for low earth orbit (LEO) satellites. HALE aircrafts fly in the stratosphere, providing relay services for wireless communication networks with a single coverage area about 100 km in diameter [5] . In addition, there are a variety of specific applications regarding communications, monitoring large areas of interest, scientific applications, or other missions requiring high resolution images or data almost immediately.
HALE aircrafts are now being actively developed in a number of programmes all around the world [6] . Some relevant projects are Heliplat-HeliNet, SkyTower, SkyStation, SkyLARK, StratoSat, Pathfinder, Pathfinder plus, Centurion, Helios series, and the Zephyr series just to name a few [6, 7] . HALE aircrafts is an incipient technology yet; however the surge of recent activity reflects both the lucrative demand for wireless services as well as advances in solar cells and energy storage systems. In order to ensure project sustainability, including cost-effective benefits, the flight duration for a HALE aircraft must be continuous up to 6 months. This target only can reach it with a regenerative power system, for example, the power system studied in this paper.
In this way, the power subsystem is a key part that determines the implementation and feasibility of them. The use of photovoltaic systems improves significantly the profitability and environmental efficiency of HALE [8] . However, due to its intermittency, solar energy requires a safe and reliable power storage system. One option to solve this problem is to use hydrogen as storage system of renewable energy. Hydrogen storage system is a viable option for many researchers [9] , especially for mobile applications. Hydrogen is a suitable energy storage medium that is free of carbon and other impurities; it is also the most abundant element in the universe [10] . A system of production and energy storage based on hydrogen technology coupled with solar energy could provide greater efficacy to HALE aircraft because the closed loop system ensures long endurance and lightweight; furthermore the cost of hydrogen production and use has decreased in recent years. Proton exchange membrane (PEM) technology (both fuel cells as electrolyzer) is by excellence the technology for an efficient consumption and generation of hydrogen [11] . On the other hand, unitized regenerative fuel cells (URFCs) are an excellent option in situations where weight and volume are a constraint. URFC is a compact electrochemical system integrated both by a fuel cell and a water electrolyzer. HALE aircraft powered by a subsystem based on solar cells and hydrogen (PVS-H2) should include a comprehensive storage system. Figure 1 shows a general diagram of a PVS-H2.
Power subsystem should be designed to satisfy two important requirements: (1) the propulsion and positioning of the aircraft and (2) the reception, handling, and transmission of information. The primary system produces electricity as long as the sun's radiation is present (PVS, composed of an array of photovoltaic panels). A control system (ACS) performs the management and conditioning of power generated according to the characteristics of the electrical load demand. The PVS must be designed in order to generate more energy during the day than the load consumes (energy surplus condition); the excess energy is used to produce hydrogen using the URFC (electrolyzer mode). This gas is stored in a storage media, for example, materials-based hydrogen storage system (MHSS). It is important to note that the development of new hydrogen storage technology is a current challenge for the global scientific community [12, 13] . At night, electricity is generated by the URFC (fuel cell mode). On the other hand, the solar radiation reaching the earth's surface is reduced because a large part of it is scattered, reflected, or absorbed by the atmosphere. However, at the stratosphere, the solar radiation is characterized by high power and low intermittence [14] . Despite that, primary power system is not immune to low insolation level, gas leaks, or an URFC failure that cause hydrogen depletion, so that an emergency backup subsystem must be considered in order to provide the power for the safe landing of the aircraft.
The basic requirements for the sizing of the PVS-H2 system are to achieve maximum effectiveness as well as to ensure a reliable power supply. Power system sizing has to consider the steady-state characteristics and the profiles transient state of energy sources by location as well as the electrical load demand [13] . Regardless of the fact that, to ensure the survival of the aircraft, power system requires minimum error uncertainty to ensure at least the energy needed to control the position and rotation of the aircraft. On the other hand, due to the relationship between power required for flight and total weight, the optimal sizing of the PVS-H2 energy system is essential to find one or more effective solutions that meet the operational goals.
This paper proposes the optimal sizing of an energy generating system for a HALE aircraft by means of PSO (particle swarm optimization). PSO is a population based stochastic optimization technique developed by Eberhart and Kennedy in 1995, which was inspired by the social behavior of animals [15] . Originally, PSO was intended to handle nonlinear continuous optimization problems. However due to its simple concepts, fast convergence speed, and easy implementation, PSO has been widely applied to solve intricate optimization problems of real-world engineering fields as in power systems issues [16] [17] [18] [19] [20] . The aim of this paper is to determine the optimal configuration of the power system that allows the flight of the HALE aircraft along one year with the best efficacy.
Mathematical Formulation

System's Global Efficacy.
The design strategy consists of making an energy balance to evaluate the power system behavior. The system's efficiency ( S ) is calculated according to the first law of thermodynamics:
where out is the electrical energy consumed by the HALE aircraft, in is the electrical energy output of the PVS, and is the electrical energy stored in the MHSS. is negative when the hydrogen is produced for the URFC at electrolyzer mode and it is positive when the hydrogen is consumed by the URFC at fuel cell mode. In this work, is analyzed in hourly intervals; the average system efficiency ( S,mean ) is calculated by
where is hours of the flight. The functionality of the system is defined by the ratio of the actual time of flight ( f,actual )
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where f,max is a constant that, in this work, is equal to 8640 (hours in a year). In this way, Eff S is in function of in , out , and .
Energy Input.
The energy input ( in ) of the power subsystem is the energy output of the PVS. This energy is in function of the solar resource available on the site and the physical characteristics of the device, as is described by
where PVS is the instantaneous PVS efficiency, PVS is the total area of the PVS, and is the radiation on the PVS surface. Strictly, PVS is dependent on three parameters: the temperature, the packing factor, and the module reference efficiency. However, the efficiency used in this work is a global parameter of a hypothetical PVS ( PVS = 16%) [7] . depends on the time and latitude of the place; it can be calculated by [14] 
where is the extraterrestrial radiation measured on the plane normal to the radiation on the th day of the year, SC is the solar constant ( SC = 1366.1 W/m 2 ASTM E-490), is the day of the year, is the latitude of the place, and ℎ is the solar hour. The solar declination ( ), in degrees for any day of the year ( ), is calculated approximately by [14] = 23.45 sin [ 360 365
It is relevant to note that is strongly dependent on the latitude.
One hour time step is employed as base time in the energy balance for the aircraft power system, so that equivalence between power and energy is used as is specified in Figure 2 shows a schematic diagram of the energy transport in the hydrogen storage system.
Hydrogen Energy Storage.
The hydrogen generated and consumed is in function of the surplus and deficit energy. According to the first law of thermodynamics, without electrochemistry considerations, the FC efficiency ( FC ) and the electrolyzer efficiency ( PE ) can be defined as follows: where NHg is the electrical energy of hydrogen generated by electrolyzer (PE), surplus is the energy surplus, deficit is the energy deficit, and NHc is the electrical energy of hydrogen consumed by fuel cell (FC). On the other hand, can be determined by the energy balance of
By substitution of (8) into (9), a mathematical relation that determines as a function of the URFC efficiency, as well as of the surplus and deficit energies, is obtained in
In this work, the real efficiency of a monocell is extrapolated in order to find both efficiencies ( PE and FC ). Figure 3 shows the performance and extrapolation equation of PEMFC and electrolyzer used in this work, which were obtained by experimental polarization curves carried out in our laboratory.
Energy
Output. The electric energy output ( out ) of the HALE aircraft is a function of the power consumed by the propeller ( TL ). TL can be described by a mathematical model based on point mass dynamics. In steady flight and in still air, the lift ( ) and the drag ( ) forces are defined as follows [21] :
where and are the lift and drag coefficients, respectively, is the air density, is the wing area, and is the relative airspeed. The and heavily depend on the airfoil, the angle of attack, and the Reynolds number. In this work, these coefficients are taken from [7] , where , , and are calculated by the "aerodynamic parameters analysis" method. At straight and level flight, according to the third Newton law, the lift force compensates for the weight ( ) and the propeller thrust compensates for the drag force; thus the power for level flight ( TL ) can be calculated by [21] 
Then, out can be calculated by the propeller efficiency ( PP ):
By substitution of (4), (9) , and (13) in (1), we determined the system's efficiency ( S ) and therefore its global efficacy (Eff S ).
Basics on the PSO Algorithm
A PSO algorithm consists of a population continuously updating the knowledge of the given searching space. This population is formed by individuals called particles. Each one represents a possible solution finding the global best position by competition as well as cooperation among themselves after some iteration. Each particle keeps track of its coordinates in the problem space which are associated with the best solution (fitness) it has achieved so far. This value is called pbest. Overall best value is tracked by the global version of the particle swarm optimizer also and its location, obtained so far by any particle in the population. This location is called gbest. Each particle moves in the searching space with a velocity , which is dynamically updated based on its previous velocity. At each time step, each particle moves toward its pbest and gbest locations. Acceleration is weighted by a random term, with separate random numbers being generated for acceleration toward pbest and gbest locations, as is described in where is the particle's velocity; iter is the current iteration;
1 and 2 are two positive learning factors; is the th particle's actual position; rand() and Rand() are two randomly generated values within the range [0, 1]; NIND is the number of particles; NVAR is the number of variables and is known as the inertia weight. It plays the role of balancing the global and local searching [22] . In order to avoid a premature convergence problem in PSO, a linearly decreased inertia weight over time is used for this parameter.
The position of particles is updated during each iteration. This is done by adding the velocity value to the particle's position as follows:
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PSO Analysis Strategy.
The main objective of energy system's sizing is to determine the most efficient configuration that allows aircrafts to fly during one year. For this reason, we propose a maximization of the power system efficacy as is described by the objective function stated by (16) and which is based on (3):
Hence, the optimal configuration for the energy system must satisfy the flight of the aircraft during one year with the best efficacy. As we can note in (16), for a given photovoltaic power, the overall efficiency decreases if an oversizing of the system's elements occurs due to that this means more weight on the aircraft.
Operating Constraints.
The first constraint is related to the maximum weight that the aircraft can transport and which is denoted by ∑ =PVS,URFC,ctrl,structure
On the other hand, the second constraint is the total area available for the photovoltaic panels and which is constrained by the area on the aircraft wings:
3.3. Fitness Function. Different techniques for handling constraints in evolutionary algorithms have been proposed in the literature [23] . In this work, constraints are handled by penalizing the objective function. Using this technique, the fitness function is constituted by the objective function plus the penalization terms, as follows:
where 1 is a penalization constant and is the weight of the power system evaluated in order to find the maximum efficacy. In each PSO iteration, particular systems formed by the particles are evaluated to meet the flight time of the aircraft during the year with the best efficacy.
The flowchart of the proposed optimization process is depicted in Figure 4 .
The main steps of the proposed optimization process are described in the following subsections.
Input Data and Initial Population of the PSO.
The input data for optimizing the energy system by PSO are the solar resource available at the site as well as aircraft specifications and power system elements. The PSO determines the optimal configuration by evaluating photovoltaic, fuel cell and storage powers needed to maintain the aircraft flying. The optimizer generates three vectors with particles each one (in this paper = 50 particles), where each vector represents the photovoltaic, fuel cell and storage powers. Each power system is evaluated over a period of 8640 hours with the operating strategy depicted in Figure 5 . 
Cases of Study and Computational Results
In order to validate the sizing strategy for the energy system proposed in this work, we have selected three HALE aircrafts as benchmark test. The total mass, empty mass, and wing area of the HALE aircrafts were obtained from the open literature and they are shown in Table 1 [7] . We have selected Chetumal city, Mexico (18 ∘ latitude), as testing site in order to estimate the solar resource available by means of (5) . One annual cycle is used as period of time for the analysis in this study. Table 2 shows other input data assumed in this work.
On the other hand, Table 3 shows the PSO parameters used in order to solve the sizing problem. A linear decreasing function for the inertia term is used in order to reduce the influence of past velocities. A set of ten simulations for the power system sizing of each HALE aircraft was performed in order to obtain trustworthy results, due to the stochastic nature of the PSO. Thereby, Figure 6 shows the PSO convergence rate for the efficacy maximization of the HALE aircrafts power systems. Table 4 presents the optimization results of each study. Nominal powers of PVS (PPVS), storage system (PSS), URFC (PURFC), HALE total mass, and global efficacy values are shown in the columns of Table 4 . A statistical analysis is performed on the results obtained for each HALE aircraft studied. Mean values, standard deviation, and maximum and minimum values are shown also.
A variation coefficient (CV) is used as an indicator of the difference between the standard deviation and the mean value in each case study. According to CV value, the results obtained by PSO show a low dispersion.
The optimization results indicate that a mean value of 46.82% for the efficacy is obtained for HALE Pathfinder, with an energy power system of 5.37 kW, 24.29 kWh, and 11.51 kW, for PPVS, PSS, and PURFC, respectively. This configuration implicates a total mass of 191 kg (mean value) for HALE aircraft, which represents 60.99 kg (24.2%) less than the original total mass according to Table 1 .
Similarly, the results obtained indicate that the total mass for the Pathfinder Plus mass is 90.91 kg (28.86%) lighter with respect to the total mass reported in Table 1 . The same case occurs with HELIOS HP1; the optimized configuration of the energy power system implicates an aircraft 129.09 kg (17.95%) more light. These results do not mean an increase of extrapayload; however, it would be used as a redesign parameter for the aircraft's structure. It is noteworthy that maximum and minimum values for the efficacy and the total mass are not associated with the power capacities of the power system elements that form the optimized configurations (PPVS, PSS, and PURFC).
Finally, the variation coefficient value has a maximum deviation for the storage power system (PSS, CV = 18.7% @ Pathfinder plus), whereas a less deviation of this parameter is obtained for PPVS (CV = 4.4% @ Helios HP01). Nevertheless, this parameter has small variations in efficacy and total mass values (2.2% and 3.4%, resp.). 
Conclusions
This paper has provided the optimal sizing of the energy power supply for HALE aircrafts by means of PSO. The method proposed allows an easy way to obtain the optimal configuration for the energy power system without deep knowledge about the relationship between the power generated by energy system elements, electric power demanded for the propeller, and HALE aircraft mass. Furthermore, optimal configurations for the photovoltaic/hydrogen systems consider the system thermodynamic efficiency during an annual cycle, and experimental data of local weather and the electrochemical performance of the URFC were considered in the energy balance. On the other hand, although simplified models have been used for the power system components, the results obtained by the proposed approach enable the identification of opportunities for improvement of the design of HALE aircrafts. The results obtained demonstrate that the optimal sizing of the power system is in function of each component's weight. Besides, for the three HALE aircrafts the efficacy of the optimal power systems ranges between 45.82% to 47.81%. This result highlights the adequate combination of solar energy with hydrogen technology. Also, we must note that the required PPVS is comparatively less than the PURFC in the power systems optimized, which shows an opportunity area to improve the power density in URFCs. Finally, the results obtained by PSO show a low dispersion, which demonstrates the robustness of the optimization process proposed in this work; besides that they contribute to the future implementation of HALE aircrafts in telecommunication applications.
